Neuroplastic changes in vagal afferents inflicted by allergic inflammation were examined in nodose ganglia (NG) removed from guinea pigs immunized to chick ovalbumin. In control NG neurons, substance P (SP; 0.1-10 M) produces no discernable changes in membrane electrophysiological properties or [Ca 2ϩ ] i . After exposing NG from immunized animals to the sensitizing antigen in vitro, 83% of the neurons were depolarized by 100 nM SP. SP also produces an inward current, an increase in membrane conductance, and an elevation of [Ca 2ϩ , an NK-2 receptor antagonist, blocked these responses. Thus, antigen challenge appears to unmask an NK-2 tachykinin receptor. These data further support the hypothesis that inflammatory mediators released during immediate hypersensitivity (allergic) reactions can produce profound effects on the excitability of sensory nerves. Unmasked NK-2 receptors may serve an excitatory autoreceptor function, provide a pathway for paracrine signaling between NG neurons, and contribute to ectopic sensory nerve activity.
Inflammation induced by chemical irritants or by nerve damage causes profound alterations in primary afferent neurons ranging from sensitization of transduction processes at nerve endings (Meyer et al., 1994) to neuroanatomical remodeling of nerve arbors (Stead and Bienenstock, 1990) . Despite the belief that some symptoms of allergic inflammatory diseases are mediated by abnormalities in sensory neurons (Barnes et al., 1990; Marshall and Waserman, 1995) , relatively little is known about the types of neuroplastic changes in sensory neurons inflicted by allergic inflammation.
In vivo and in vitro studies of allergic inflammation in the guinea pig airways have provided valuable information about the nature of immunomodulation of airway sensory neurons (Pedersen et al., 1997) . For example, 12 hr after exposing airways from actively sensitized animals to nebulized allergen, the levels of preprotachykinin A mRNA increased in vagal sensory neurons (nodose neurons). By 24 hr, airway tachykinin levels are increased fourfold, and the number of nodose neurons expressing tachykinins have increased by ϳ25%; most were identified as airway afferents by retrograde labeling. Thus, allergic inflammation can cause a dramatic phenotypic switch in the tachykinin expression of vagal afferents (Fischer et al., 1996; cf. Neumann et al., 1996) . Allergic inflammation can also change the transduction process at vagal afferent nerve endings. Exposing trachea isolated from immunized guinea pigs to a sensitizing antigen activates mast cells and increases the mechanosensitivity of A␦ vagal afferent airway nerve endings approximately fourfold (Riccio et al., 1996) .
Allergen-induced neuroplastic changes can also be provoked in nodose ganglia isolated from actively sensitized guinea pigs. Nodose ganglia possess mast cells that can release numerous preformed and newly synthesized inflammatory mediators when challenged with a sensitizing antigen. Intracellular recording from nodose neurons after antigen challenge reveals myriad excitability changes, including (1) membrane depolarization, (2) increases and decreases in resting membrane conductance, (3) inhibition of a time-and voltage-dependent inward rectifying current, and (4) block of a slow postspike afterhyperpolarization (AHP slow ) . Similar membrane effects were observed when purified lung mast cells were immunologically activated and their lysates applied to control nodose ganglion neurons (Greene et al., 1988) . Thus, nodose ganglia isolated from immunized guinea pigs provide a model for understanding, at the cellular level, how allergic inflammation modifies voltage-and ligand-gated ionic channels in primary sensory neurons. Additionally, nodose neurons serve as a model for studying the transduction properties of the less accessible peripheral nerve endings.
During the process of examining whether nodose ganglia might be a suitable model for clarifying the pathways underlying allergen-induced expression of tachykinins, we discovered, serendipitously, that antigenic inflammation caused a rapid unmasking of tachykinin receptors. In control or nonchallenged nodose gan-glia, exogenously applied tachykinins never elicited detectable electrophysiological changes. However, 30 min after antigen challenge to nodose ganglia from sensitized animals, and persisting for several days, tachykinin application evoked membrane depolarization, increased membrane conductance, and elevated [Ca 2ϩ ] i in Ͼ83% of nodose neurons. The current work physiologically and pharmacologically characterizes this new form of immunomodulation of sensory neurons.
MATERIALS AND METHODS
Sensitization of animals. Adult male Hartley guinea pigs (150 -200 gm; Charles River, Wilmington, M A) were actively sensitized to ovalbumin (chicken egg albumin; Sigma Chemical Co., St. L ouis, MO) as described previously (Weinreich and Undem, 1987) . Briefly, animals were injected intraperitoneally with ovalbumin (10 mg / kg) every other day for a total of three injections. T wenty-one to 65 d after the last injection, animals were killed by asphy xiation with C O 2 . Nodose ganglia were dissected bilaterally and placed in ice-cold (4°C) L ocke solution (composition in mM: 136 NaC l; 5.6 KC l; 1.2 MgC l 2 ; 2.2 CaCl 2 ; 14.3 NaHC O 3 ; 1.2 NaH 2 PO 4 ; and 10 dextrose) equilibrated with 95% O 2 and 5% C O 2 , pH 7.2-7.4.
Antigenic challenge. Nodose ganglia were prewarmed to 37°C in L ocke solution for 10 min and then transferred to L ocke solution containing 10 g /ml antigen [chick ovalbumin (OVA)] or control proteins (bovine serum albumin or human serum albumin) for 15 min. After challenge with OVA or control protein, ganglia were returned to L ocke solution for at least 15 min before transfer to the recording chamber or preparation for enzymatic dissociation.
To test whether animals were actively sensitized, superior cervical ganglia (SCG) were removed along with nodose ganglia. After antigen challenge, SCG removed from actively sensitized guinea pigs reveal antigen-induced long-term potentiation (A-LTP) of synaptic transmission (Weinreich et al., 1995) . We used this bioassay to determine that animals were sensitized successf ully. In all actively sensitized animals in which the SCG showed A-LTP, allergen-induced physiological changes were observed in the nodose ganglia.
Role of inflammator y mediators. To test the involvement of various inflammatory mediators, one of a pair of nodose ganglia, removed from a sensitized animal, was incubated with either a cyclooxygenase inhibitor (indomethacin, 3 M), a 5Ј-lipoxygenase inhibitor (Z D2138, 3 M), or a mixture of H-1, H-2, and H-3 histamine receptor antagonists (pyrilamine, 1 M, H-1; burimamide, 50 M, H-2 and H-3) 10 min before and during antigenic challenge. The other ganglion of the pair served as a control and was treated as described above, except that vehicle was substituted for drugs.
Protein synthesis. Inhibition of protein synthesis was monitored by measuring incorporation of [ 3 H]leucine into protein. Nodose ganglia were incubated for 60 min in 1 ml of normal L ocke solution or L ocke solution containing 100 g /ml cycloheximide. Fifty Ci of [ 3 H]leucine (180 C i /mmol) were then added to each tube containing a ganglion. After an additional 60 min at 37°C, ganglia were washed three times with isotope-free, ice-cold L ocke solution and then homogenized in 5% trichloracetic acid (TCA). Homogenates were pipetted onto glass filters and washed three times with ice-cold 5% TCA. After drying, the filters were counted using a scintillation counter. In three experiments, the incorporation of [ 3 H]leucine into protein was inhibited 96 Ϯ 0.6% (range, 95-97%).
T issue Preparation. For experiments with intact ganglia, adhering connective tissue was caref ully removed. The ganglion was slit longitudinally with a razor blade fragment and pinned to the Sylgard (Dow Corning Co., Midland, M I)-coated floor of the recording chamber (ϳ0.25 ml volume). Ganglia were superf used continuously with oxygenated L ocke solution (3-5 ml /min) maintained at 35-37°C.
Acutely dissociated neurons were prepared enzymatically as described by Christian et al., (1993) . Neuronal cell suspensions (0.15-0.25 ml) were transferred onto circular 15 or 25 mm polylysine (0.1 mg /ml poly-Dlysine, Sigma)-coated glass coverslips (Fisher Scientific, Houston, TX) and maintained at 37°C for at least 8 hr before intracellular recording.
Electrode fabrication, recording chamber, and drug deliver y. Intracellular glass recording micropipettes were fabricated on a Flaming-Brown P-97 micropipette puller (Sutter Instrument Co., San Francisco, CA).
For intracellular recordings from intact nodose neurons, ganglia were pinned to the floor of a Sylgard-lined recording chamber mounted on a fixed stage microscope equipped with Hoffman optics (400ϫ). For recording from isolated nodose neurons, a custom recording chamber was designed to provide superf usion of the coverslip with L ocke solution via a gravity flow system. The superf usate level was lowered to ϳ50 m above the surface of the neurons with an adjustable aspirator to minimize electrode stray capacitance. The chamber was mounted on the stage of an inverted microscope (IM 35; C arl Z eiss Inc., Thornwood, N Y) equipped with a 40ϫ oil immersion objective (Z eiss Fluar; numerical aperture, 1.3) to allow direct visualization of neurons for intracellular impalement and fluorescence measurements.
Reservoirs containing various drugs were connected to the inflow line of the recording chamber with three-way valves that could rapidly divert the source of superf usion from the main reservoir. This method of drug delivery introduced a 30 sec delay from the activation of the valve to arrival of drug solution at the chamber. Agonists were superf used over ganglia or isolated neurons for 30 -60 sec. When receptor antagonists were used, ganglia or neurons were superf used with these reagents for at least 5 min before the addition of agonists. The temperature of the recording chamber was maintained at 35-37°C, unless noted otherwise.
Preparation of drug solutions and sources. Drug solutions were prepared daily from concentrated (Ͼ10 mM) stocks stored at Ϫ20°C. C P99,994 was provided by Dr. Jim Heyn (Pfizer, Inc. Groton, C T), SR48968, SR142801, senktide analog ([Asp 6, 7 ,methyl-Phe 8 ] substance P(6 -11)), ASM-SP (Ac[Arg 6 ,Sar 9 ,Met(O 2 ) 11 ]SP(6 -11)), and Z D2138 were gifts from Z eneca (Wilmington, DE), and burimamide was a gift from Smith-K line Beecham (Philadelphia, PA). All other reagents were purchased from Sigma. The same lot number of ovalbumin used to sensitize an animal was used for antigenic challenge of the nodose ganglia.
Electrophysiolog ical recording. Standard intracellular stimulating and recording techniques were used to monitor electrical activity with aluminosilicate intracellular micropipettes (20 -50 M⍀ when filled with 3 M KC l). Current-and voltage-clamp recordings were made with an Axoclamp-2A amplifier (Axon Instruments, Foster C ity, CA) either in bridge (filtering at 10 kHz) or discontinuous mode (sample rate, 5 kHz; filtered at 0.3-3 kHz); headstage voltage was monitored continuously. Current and voltage signals were viewed on-line with an oscilloscope and digitized with a Neurocorder (NeuroData Instruments, Inc., Delaware Water Gap, PA) for storage on videocassette for off-line analysis. Membrane input resistance of the cell was monitored by measuring the magnitude of electrotonic voltage transients produced by 100 pA hyperpolarizing current pulses (100 -300 msec). Neurons were accepted for study only if they showed a stable resting membrane potential (ՅϪ50 mV) throughout the experiment, an action potential overshoot Ͼ20 mV, and a membrane input resistance Ͼ30 M⍀. Data acquisition and analysis of electrophysiological data were performed using pC lamp 6.2 software with a Digidata 1200 interface (Axon Instruments).
[C a 2ϩ ] i measurement. To measure [C a 2ϩ ] i , cells on coverslips were incubated for 75-90 min at room temperature (22-24°C) in a solution containing 1 M f ura-2 AM as described previously (Cohen et al., 1997) . After incubation, the coverslip was placed in the recording chamber and superf used with L ocke solution. Fura-2 fluorescence measurements were performed with a DeltaScan illumination system [Photon Technology International (P TI), South Brunswick, NJ] coupled to the microscope through a fiber optic cable. Each neuron under study was alternately illuminated with 340 and 380 nm light, and the fluorescence emission, after passing through a 510 nm bandpass filter, was sampled by a photomultiplier tube, the output from which was digitized and stored for subsequent analysis. Instrument control, data acquisition, and analysis were performed using F ELI X 1.1 software (P TI).
[C a 2ϩ ] i calibration. Values of intracellular [C a 2ϩ ] i were derived using the ratio method of Grynkiewicz et al. (1985) . All f ura-2 fluorescence records were corrected for background fluorescence by subtracting the light intensity measured from neurons depleted of f ura-2 by digitonin permeabilization (Kao, 1994) . [C a 2ϩ ] i was calculated using the equation of Grynkiewicz et al. (1985) :
where R is the ratio F 340 /F 380 , and R min and R max are the minimum and maximum values of the ratio, attained at zero and saturating C a 2ϩ concentrations, respectively. F 340 is the fluorescence emitted by the dye when excited at 340 nm, and F 380 is the fluorescence emitted by the dye when excited at 380 nm. S f2 /S b2 is the ratio of fluorescence intensities for Ca 2ϩ -free and C a 2ϩ -bound indicator measured with 380 nm excitation. R min , R max , and S f2 /S b2 were determined from five acutely dissociated neurons used specifically for calibration purposes.
Data anal ysis.
Data are expressed as mean Ϯ SEM. Student's twotailed t test was used to assess significant differences between calculated means; p Ͻ 0.05 was considered significant. Curve fitting and statistical analysis were performed using Sigmaplot and Sigmastat software (Jandel Scientific, San Rafael, CA). A semilogarithmic plot of the concentrationresponse relationships was iteratively fit using the four-parameter logistic equation: 
RESULTS

Characterization of the SP responses Absence of SP responses recorded in control nodose ganglion neurons
Recordings from 41 nodose neurons from 12 naive ganglia or 30 neurons from seven antigen-sensitized (but unchallenged) ganglia did not reveal measurable membrane potential (Ϯ1 mV) or membrane input resistance (Ϯ5 M⍀) changes after bath application of SP up to 1 M. SP (100 nM-10 M) also did not elicit measurable membrane potential changes in acutely isolated nodose neurons (n ϭ 28).
In contrast to these observations on vagal afferent neurons, the membrane properties of other sensory neurons in the guinea pig are clearly affected by SP. This peptide can, for example, depolarize trigeminal ganglion neurons (Spiegelman and Puil, 1990) , and it has been reported to hyperpolarize cochlear outer hair cells (Kakehata et al., 1995) . Moreover, sympathetic, parasympathetic, and myenteric neurons in the guinea pig are depolarized by tachykinins, including SP (Otsuka and Yoshioka, 1993) . Thus, the unresponsive nature of nodose neurons appears to be an intrinsic property of these vagal afferents.
SP responses recorded from nodose ganglion neurons af ter allergic inflammation
After superfusion with the sensitizing antigen (chick OVA, 10 g/ml), nodose neurons from actively sensitized guinea pigs revealed a histamine-mediated membrane depolarization (ϳ6 mV) that persisted for 5 min (see Fig. 1 ). This concentration of antigen is optimal for mediator release from mast cells . The sensitivity of nodose neurons to bath-applied SP was usually tested Ͼ30 min after antigen challenge to avoid overlap with the transient histamine response. In recordings from 82 of 99 neurons (83%) in 30 ganglia, 100 nM SP produced a discernable membrane depolarization (Ն2 mV; Figs. 1, 2). The peak depolarization averaged 6 Ϯ 0.3 (range, 3-22) mV (n ϭ 82) and was accompanied by a 21 Ϯ 8% decrease in membrane input resistance. SP also produced a depolarizing response in acutely dissociated neurons derived from antigenically challenged nodose ganglia. In 89% of isolated neurons, 100 nM SP produced a 12 Ϯ 0.9 mV depolarizing response (range, 3-39 mV; n ϭ 43). The SP-induced depolarization was accompanied by a 27 Ϯ 2.7% (range, 5-76%, n ϭ 44 of 50 neurons) decrease in membrane input resistance in 88% of the neurons. In the remaining neurons, there was either no change (10%) or a slight increase (2%) in membrane input resistance.
The mean depolarizing SP response recorded from neurons in intact ganglia was about one-half of that measured in acutely isolated neurons ( p Ͻ 0.001). This discrepancy could reflect the Figure 1 . Responses produced by SP in intact and acutely isolated nodose neurons after antigen challenge. A1, A2, Neuronal membrane properties recorded 60 min after antigen challenge (10 g/ml OVA) of a nodose ganglion isolated from an actively immunized guinea pig. A1, Depolarizing response produced by a 30 sec application of 100 nM SP (horizontal bar) recorded from a neuron in an intact ganglion. Resting potential was Ϫ56 mV. The width of the trace reflects the magnitude of electrotonic voltage transients elicited by hyperpolarizing current pulses (100 pA, 200 msec, 1.7 Hz) to monitor the membrane input resistance (R in ). SP produced a membrane depolarization that is accompanied by a decreased R in . A2, Inward current in response to a 30 sec application of 100 nM SP, recorded in another nodose ganglion 65 min after antigen challenge. The neuron was voltage-clamped at Ϫ62 mV. Downward deflections are hyperpolarizing voltage step commands (Ϫ10 mV, 100 msec, 0.6 Hz) to monitor membrane conductance (G m ). SP induces an inward current (ϳ600 pA) and an increased G m . B, Simultaneous recording of changes in [C a 2ϩ ] i and membrane current from an acutely isolated nodose ganglion neuron. A ganglion isolated from an immunized guinea pig was challenged with OVA and after 60 min enzymatically dissociated. The top and bottom records show the C a 2ϩ transient and inward current in response to a 60 sec application of 100 nM SP (horizontal bar) when the neuron was voltage-clamped to Ϫ58 mV. The calcium transient peaks and returns to baseline before the inward current. The inward current (ϳ550 pA) is accompanied by an increased G m (117% over control), as reflected by the larger size of the inward current steps evoked by hyperpolarizing voltage step commands (Ϫ10 mV, 300 msec, 0.2 Hz). In neurons from nonimmunized animals or before antigen challenge, SP application never produced changes in membrane potential or current (n ϭ 28, see text). differences in membrane input resistance recorded in intact (47 Ϯ 6 M⍀; n ϭ 108) versus acutely isolated neurons (93 Ϯ 7 M⍀; n ϭ 47). Alternatively, neutral endopeptidases present in the intact ganglia may be degrading SP. The basis for these differences was not pursued f urther in the current work.
SP-induced changes in membrane potential and membrane current recorded in intact and acutely dissociated neurons are shown in Figure 1 . Superf usion of 100 nM SP, for 30 sec, evoked a membrane depolarization (or inward current) that appeared within a few seconds after SP reached the recording chamber, coincident with an increase in membrane conductance (Fig.  1 A2,B) . As illustrated in Figure 1 B, similar inward currents could be recorded in acutely dissociated neurons superf used with SP. In isolated neurons, the population response to bath application of 100 nM SP recorded in voltage clamp averaged 688 Ϯ 95.2 (range, 420 -900) pA, accompanied by a 68 Ϯ 23.0% (range, 11-156%) increase in membrane conductance (n ϭ 6).
Control e xperiments
When ganglia removed from actively sensitized guinea pigs were challenged with 10 g/ml human serum albumin (HSA; three ganglia) or 10 g/ml bovine serum albumin (BSA; four ganglia) rather than the sensitizing antigen (OVA), none of the neurons tested with 100 nM SP revealed a measurable change in membrane potential or membrane input resistance (14 from HSA-and 16 from BSA-treated ganglia). Similarly, no measurable membrane potential changes were observed in 12 neurons (three ganglia) isolated from naive guinea pigs that were challenged with 10 g/ml OVA. Finally, we incubated nodose neurons isolated from control ganglia with 10 g/ml OVA for 5-30 min. Application of 100 nM SP to these neurons (n ϭ 5) did not produce measurable changes in membrane potential. Thus, the SP responses observed in ganglia removed from actively sensitized animals, after specific antigen challenge, are likely to arise as a consequence of a specific antigen -antibody interaction.
Onset time and the longevity of the SP response
To gain insight into the process underlying the unmasking of SP responses, we determined how rapidly after antigen challenge this effect occurs and how long it persists. The data shown in Figure  2 A depict the time course for induction of the SP response recorded in neurons from intact ganglia. At the earliest time point examined [immediately after the 15 min period of antigen (OVA) application; Fig. 2 A, zero time point], only 1 of 11 neurons showed a measurable depolarization (4 mV) in response to 100 nM SP. Fifteen minutes after OVA application, 2 of 10 neurons responded to SP (3 and 4 mV), and by 30 min, 10 of 10 neurons responded [6 Ϯ 1.4 (range, 4 -10) mV]. The 30 min time point also reflects the time required to reach maximum effect. The magnitude of SP responses measured 1, 2, 4, and 8 hr after antigen challenge were not significantly different from those recorded at 30 min ( p ϭ 0.741; Fig. 2 A) . Thus, the onset of unmasking SP responses follows a relatively rapid time course.
We next asked how long these SP responses persist. Because it is not feasible to maintain nodose neurons in the intact ganglia for long periods without incurring degenerative changes, we examined the longevity of the unmasked responses in dissociated neurons. Sensitized nodose ganglia were challenged with OVA in the usual manner and incubated for 60 min in L ocke solution, and then the neurons were dissociated. Dissociated nodose neurons were maintained under sterile conditions and tested for responsiveness to SP over several days. The results shown in Figure 
Pharmacology of the SP response
Endogenous tachykinins (SP, neurokinin A, and neurokinin B) activate three distinct tachykinin receptors, designated NK-1, NK-2, and NK-3 (Maggi, 1995) . We pharmacologically characterized the type of tachykinin receptor mediating the SP-induced depolarization by analyzing the effectiveness of selective tachykinin agonists and antagonists and by deriving EC 50 values from concentration-response relations. As shown in Figure 3 , application of 10 nM [␤-Ala 8 ]NKA, an NK-2-specific agonist, elicited a membrane depolarization accompanied by a decrease membrane input resistance similar to that produced by SP. In nine neurons, the average membrane depolarization was 11 Ϯ 1.2 (range, 7-17) mV. By contrast, bath application of 100 nM ASM-SP (n ϭ 5) or 100 nM senktide analog (n ϭ 3), selective N K-1 and NK-3 receptor agonists, respectively, produced no discernable (Ͻ1 mV) membrane potential changes. Thus, from this profile of responses to tachykinin agonists, the unmasked tachykinin receptor appears to be an N K-2 subtype.
C P-99,994, SR48968, and SR142801 are selective nonpeptide antagonists acting at N K-1 (Snider et al., 1991) , N K-2 (Emonds- Alt et al., 1992) , and N K-3 (Oury-Donat et al., 1995) receptors, respectively. C P-99,994 (100 nM; n ϭ 4) and SR142801 (300 nM; n ϭ 5) produce no inhibition of the SP-mediated depolarization. Conversely, the SP-or [␤-Ala 8 ]N K A-induced depolarization (n ϭ 5 and 3, respectively) or inward current (n ϭ 3 and 2, respectively) is completely abolished in the presence of 50 nM SR48968. An example of the antagonistic effects of SR48968 is illustrated in Figure 4 . These results with tachykinin receptor antagonists, along with those with receptor agonists described above, strongly indicate that allergen-induced inflammation results in the unmasking of f unctional tachykinin N K-2 receptors.
Concentration-response relation to SP
The concentration -response relationships for SP and [␤-Ala 8 ]N K A were examined by voltage clamping acutely isolated nodose neurons near their resting potential (Ϫ56 mV) and plotting the relation between different peptide concentrations and the peak amplitude of the inward currents. Normalization of inward currents was not necessary because of the reproducibility of responses from neuron to neuron. SP produced a concentrationdependent increase in inward current that saturates at 1 M with a peak current amplitude of 1.1 nA (Fig. 5) . [␤-Ala 8 ]NKA also produced a concentration-dependent increase in inward current that saturated at 300 nM with a peak current amplitude of 1.6 nA.
A semilogarithmic plot of peak inward current amplitude versus SP or [␤-Ala 8 ]NKA concentration was well fit ( 2 ϭ 0.002 and 0.003, respectively) by a sigmoidal relation that varied over 2 orders of magnitude (Fig. 5) . The EC 50 for the SP response was 78 nM with a Hill coefficient of 1.1; the EC 50 of the [␤-Ala 8 ]NKA response was 33 nM with a Hill coefficient of 0.6. The increased potency and efficacy of [␤-Ala 8 ]NKA over SP further supports our contention that tachykinin NK-2 receptors are unmasked after an allergic inflammatory reaction in nodose ganglia.
Characterization of the tachykinin responses Changes in intracellular calcium
Activation of tachykinin receptors can produce a G-proteinmediated elevation of [Ca 2ϩ ] i (Otsuka and Yoshioka, 1993) . To test whether unmasked tachykinin receptors are coupled to changes in [Ca 2ϩ ] i , we measured levels of [Ca 2ϩ ] i using fura-2, a ratiometric calcium indicator. In acutely isolated nodose neurons from allergen-challenged ganglia, the baseline level of [Ca 2ϩ ] i was 79 Ϯ 12.5 (range, 24 -185) nM (n ϭ 13). After application of SP (100 nM for 1 min), [Ca 2ϩ ] i increased twofold over baseline values [⌬ ϭ 183 Ϯ 46.9 (range, 68 -500) nM; n ϭ 11; Fig. 1 B] . As was the case for the SP-induced depolarization or inward current, the SP-induced rise in [Ca 2ϩ ] i (⌬Ca t ) was also completely blocked by the selective NK-2 receptor antagonist SR48968 (100 nM; n ϭ 3; Fig. 6 B) . Figure 1 B shows the temporal characteristics of the SP-induced inward current and the ⌬Ca t recorded in a neuron voltageclamped to Ϫ58 mV. Because the neuron was voltage-clamped near its resting potential, the observed ⌬Ca t cannot be attributed Figure 3 . Effect of tachykinin receptor agonists on the membrane potential and resting input resistance of an acutely isolated neuron from a nodose ganglion challenged with the sensitizing antigen (10 g/ml OVA). A, Current-clamp recording of the membrane depolarization in response to superfusion of SP (100 nM). The membrane depolarization is associated with a decreased resting membrane resistance (R in ), as reflected by the diminution of the hyperpolarizing electrotonic voltage transients elicited by transmembrane constant-current pulses (Ϫ100 pA, 200 msec, 1.7 Hz). Resting membrane potential is Ϫ75 mV; R in is 100 M⍀. The 30 sec period of drug application is indicated by the horizontal bar. B, Application of a selective NK-1 receptor agonist, ASM-SP (100 nM), produces no discernable change in the membrane potential or R in . C, A selective NK-2 receptor agonist, [␤-Ala 8 ]neurokinin A (10 nM), mimics the SP response, producing a membrane depolarization with an associated decrease in R in . D, Senktide analog (100 nM), a selective N K-3 receptor agonist, does not elicit a measurable change in membrane potential or R in . All responses were recorded in the same neuron. ]NKA-induced membrane depolarizations or inward currents elicited subsequent to antigen challenge. A, A 30 sec application of SP (100 nM) produces a membrane depolarization and a decrease in resting membrane resistance (R in ) in an acutely isolated nodose neuron (left trace). Downward deflections are electronic voltage transients produced by Ϫ100 pA pulses, 200 msec, 1.7 Hz (see Fig. 1 A) . Middle trace, Application of SR48968 (50 nM), a specific NK-2 receptor antagonist, completely blocked the SP response (top horizontal bar). Right trace, The effect of SR48968 was reversible. After a 5 min wash in Locke solution, a subsequent application of SP elicited a membrane depolarization and decreased R in . B, A 30 sec application of ]NKA (10 nM), a selective NK-2 agonist, also induced a membrane depolarization (left trace) that was completely blocked by 50 nM SR48968 (middle trace). The antagonist action of SR48968 was almost reversible after superfusion with drug-free Locke solution (right trace). Traces in A and B were recorded from the same nodose neuron. The resting membrane potential was Ϫ60 mV, and R in was 120 M⍀. C, In another neuron, a 30 sec application of SP (100 nM) produces an inward current. Downward deflections are current responses to Ϫ10 mV, 200 msec voltage step commands delivered at 1 Hz. In this particular neuron, SP produced a slight decrease in membrane conductance. The SP-induced inward current is unaffected by CP99,994 (100 nM), a specific NK-1 receptor antagonist, but subsequent application of SR48968 (100 nM to C a 2ϩ influx via voltage-sensitive calcium channels. The ⌬Ca t reaches a maximum in 29 Ϯ 2.2 (range, 19 -35) sec (n ϭ 7), whereas the inward current exhibits a more protracted time to peak amplitude, 47 Ϯ 6.5 (range, 25-65) sec (n ϭ 6; p ϭ 0.010). Additionally, the duration of the ⌬Ca t [72 Ϯ 5.7 (range, 52-100) sec; n ϭ 7] was nearly one-half that of the inward current produced by SP [113 Ϯ 14.3 (range, sec; n ϭ 6; p ϭ 0.008]. It should be noted that quantitative kinetic comparisons between these two variables are, unfortunately, subject to some uncertainty, because the time course of the ⌬Ca t reflects global changes in [C a 2ϩ ] i , while the kinetics of the inward current is determined by events at the plasma membrane.
Comparisons between time course of the SP current and the ⌬ Ca t
The discordance between the kinetics of the SP-induced ⌬Ca t and the inward current suggests that the ⌬Ca t is not attributable to calcium influx but rather to release from intracellular stores. We tested this conjecture by examining the effects of intracellular calcium chelation on the SP-induced ⌬Ca t and depolarization. Application of SP (100 nM) evoked a 200 Ϯ 46.8 nM ⌬Ca t from a baseline of 69 Ϯ 27.2 nM (n ϭ 3). After superf usion with 10 M BAP TA /AM, the ⌬Ca t was blocked 100% within 11 Ϯ 2.2 min (Fig. 6C) . In four additional neurons, 100 nM SP produced a 20 Ϯ 2.9 mV membrane depolarization. The resting input resistance decreased from 59 Ϯ 9.6 to 30 Ϯ 6.8 M⍀. Subsequent incubation with 10 M BAP TA /AM for 15 min completely blocked the SP-induced depolarization in all four neurons (Fig. 6 D) . These results support the contention that the SP-induced ⌬Ca t is necessary for membrane depolarization. Although it is likely that the major component of the ⌬Ca t is released from intracellular stores, the data do not eliminate the role of a Ca 2ϩ influx component.
Role of protein synthesis in unmasking of the tachyk inin responses
To test whether protein synthesis contributes to expression of tachykinin responses, nodose ganglia were incubated in Locke solution containing 100 g/ml cycloheximide for 60 min and then challenged with antigen in the presence of cycloheximide. Under these conditions protein synthesis in guinea pig nodose ganglia was inhibited by 96% (see Materials and Methods). In 31 neurons from three ganglia treated with 100 g/ml cycloheximide, SP (100 nM) depolarized the membrane potential by 7.5 Ϯ 0.8 (range, 2-21) mV, a value that was not significantly different from depolarizing responses [7.1 Ϯ 0.8 (range, 2-24) mV; n ϭ 30] recorded in three contralateral control ganglia ( p ϭ 0.702). Two additional ganglia were incubated for 30 min with a Locke solution containing 100 g/ml puromycin and subsequently challenged with antigen. Unmasked SP responses were also observed in neurons from these ganglia. These results indicate that new protein synthesis is not required for the unmasking of tachykinin responses after allergen-induced inflammation.
Temperature dependence of the tachykinin response
All of the studies described thus far were conducted at physiological temperature (35-37°C). We tested the effects of lowering temperature on the SP and [␤-Ala 8 ]NKA responses by superfusing ganglia or isolated somata with room temperature (22-24°C) Locke solution, after ganglia had been challenged with antigen at 37°C. Application of tachykinin (100 nM) never evoked a measurable response in either dissociated neurons or neurons from intact ganglia (n ϭ 10 for each group) when the neurons were superfused with room temperature Locke solution. The data shown in Figure 7 illustrate the effect of changing temperature on a SP response recorded in a dissociated nodose neuron. At 35.5°C, SP elicited an 18 mV depolarization. Lowering the temperature to 24.1°C resulted in a complete abolition of the SP response. After returning to 35.5°C, application of SP produced a 12 mV depolarizing response. The temperature sensitivity of the tachykinin response likely reflects involvement of a metabolically labile second messenger(s). An analogous temperature dependence has been reported for the depolarizing actions of angiotensin II in rat nodose ganglia (Widdop et al., 1990) .
Role of inflammatory mediators
Assuming the mediator(s) responsible for unmasking functional NK-2 receptors is directly derived from mast cells, there is no lack of candidate mediators. Mast cells secrete a plethora of granular (preformed) and newly synthesized mediators, including biogenic amines, proteases, cytokines, and a variety of lipid mediators, most notably prostanoids and leukotrienes (Theoharides, 1996) . We have begun testing whether some of the most well characterized mast cell autacoids are involved in induction of this response. Ganglia were incubated in Locke solution containing a mixture of histamine H1 (pyrilamine, 1 M), H2, and H3 (burimamide, 50 M) receptor antagonists, at ϳ100 ϫ their K d values, during challenge with the sensitizing antigen; at 50 M burimamide inhibits both H2 and H3 histamine receptors (Christian et al., 1989 , and references therein). Dissociated neurons were prepared from these ganglia after 60 min. In histamine antagonist-treated neurons, SP elicited a 14 Ϯ 3.0 mV depolarization (n ϭ 13 neurons, three ganglia) that was not significantly different ( p ϭ 0.492) from control values (17 Ϯ 2.5 mV; n ϭ 9) recorded in neurons isolated from contralateral ganglia. Similar results were obtained with neurons from ganglia treated with a cyclooxygen- ase inhibitor that prevents prostanoid formation, indomethacin (3 M; n ϭ 5), or with a 5Ј-lipoxygenase inhibitor (Ford-Hutchinson et al., 1994 ) that prevents peptidoleukotriene formation, ZD2138 (3 M; n ϭ 10). There were no significant differences in the magnitude of the SP responses recorded from treated versus contralateral control neurons.
DISCUSSION
Our principal finding is that allergen-induced inflammation evokes a long-lasting (days) unmasking of f unctional NK-2 receptors in vagal afferent somata. Immunological activation of mast cells resident to vagal ganglia releases numerous preformed and newly synthesized inflammatory mediators. These mediators evoke a constellation of excitability changes, including membrane depolarization, increases and decreases in resting membrane conductances, inhibition of a time-and voltage-dependent inward rectifying current, and block of an AHP slow , a membrane property responsible for spike frequency adaptation in nodose neurons (Weinreich and Wonderlin, 1987; . In contrast to those reported here, these immunomodulatory effects were transient, lasting only 3-15 min. The persistent nature of the unmasked tachykinin responses after antigen challenge resembles more closely the long-term increase in synaptic efficacy recorded in sympathetic ganglia, after specific antigen challenge of ganglia removed from actively (Weinreich et al., 1995) or passively (Albuquerque et al., 1996) sensitized guinea pigs.
Histological, biochemical, and pharmacological studies (Greene et al., 1988; Christian et al., 1989; have shown that immunological activation of ganglionic mast cells and the ensuing release of their inflammatory mediators is an integral step in the development of both transient and persistent neural changes. Because the present results with nodose ganglia were obtained using the same experimental paradigm of immunological stimulation of mast cells, the unmasking of NK-2 receptors is also dependent on mast cell activation. Whether the signal molecule(s) responsible for unmasking N K-2 receptors is exclusively mast cell-derived remains unknown at present. It may be that mast cell mediators affect nodose neurons indirectly by inducing the release of signal molecules from macrophages, endothelial cells, glial cells, or other cell types residing within the nodose ganglion.
Tachykinin-induced depolarization and increase in [Ca 2؉ ] i
Both the [␤-Ala 8 ]NKA-and SP-induced depolarizations (or inward currents) were associated with an increase in membrane conductance and had an estimated reversal potential of Ϫ1 Ϯ 3.2 mV (n ϭ 3, SP response; D. Weinreich, K. A. Moore, and G. E. Taylor, unpublished observations). Taken together, these results suggest that the unmasked tachykinin receptors may activate a nonselective cation conductance. Tachykinin-induced depolarizing responses can be produced by a variety of ionic mechanisms, including inhibition of outward K ϩ currents, activation of inward Na ϩ currents, and activation of an inward nonselective cation current (Nakajima and Nakajima, 1994) . Our results resemble those recorded in cultured rat sensory neurons, in which ion permeability studies revealed tachykinin-induced nonselective cation currents (Inoue et al., 1995) .
All three subtypes of tachykinin receptors can be coupled to inositol 1,4,5-triphosphate (IP 3 ) production through G-proteinmediated inositol phospholipid hydrolysis. This second messenger triggers the release of calcium from intracellular stores (Otsuka and Yoshioka, 1993) . We observed that a transient rise in [Ca 2ϩ ] i (⌬Ca t ) always accompanied the tachykinin-induced inward currents. Chelation of intracellular Ca 2ϩ with BAPTA/AM resulted in a block of both ⌬Ca t and the inward current. However, the time to peak and duration of the ⌬Ca t was always shorter (by approximately twofold) than the corresponding inward current. Together, these data imply that (1) an internal Ca 2ϩ pool, most likely the IP 3 store, is necessary for the activation of the inward current; and (2) elevation of intracellular Ca 2ϩ alone is not sufficient to maintain the inward current. The role of IP 3 remains to be explored.
Pharmacological characterization of the unmasked tachykinin response
The endogenous tachykinins SP, NKA, and NKB show preference for the NK-1, NK-2, and NK-3 tachykinin receptor subtypes, respectively (Maggi, 1995 (Maggi, 1995) . 
Mechanisms by which NK2 receptor-mediated responses are unmasked
In the absence of protein synthesis, tachykinin responses are unmasked relatively rapidly (within 30 min), suggesting that receptor expression is dependent on post-translational processes. At least two general mechanisms might be considered. First, receptor exocytosis may underlie the unmasking of NKA responses. Preexisting, f ully f unctional N K-2 receptors could be housed in cytoplasmic vesicles close to the plasma membrane and inserted into the plasma membrane after antigen challenge. Although there is substantial data indicating that after peptide binding tachykinin receptors undergo rapid internalization (in minutes) into endosomal vesicles (Mantyh et al., 1995; Garland et al., 1996) , less information is available about the mechanisms controlling the return of receptor-containing vesicles back to the plasma membrane.
A related possibility is that tachykinin receptors in nodose neurons reside in cytoplasmic vesicles and are shuttled to the plasma membrane in a manner analogous to water channels (aquaporins) in epithelial cells (Brown et al., 1995) . Activation of the exocytotic pathway and membrane expression of aquaporins can occur within min after vasopressin stimulation. In these systems, in contrast to our observations with the N K-2 responses, when the initiating stimuli (vasopressin) is removed, the aquaporins are rapidly internalized.
An alternative explanation for the unmasking of NK-2 receptors is that they already exist in the plasma membrane but are uncoupled from their effector targets, second messengers, or ion channels, until an inflammatory mediator(s) induces recoupling. To date, all members of the tachykinin receptor family have been linked to their effectors via G-proteins, and the affinity state of tachykinin receptors is influenced by G-protein coupling (Otsuka and Yoshioka, 1993) . The G-protein-coupled receptor represents a high-affinity state, while the uncoupled receptor represents a low-affinity state (McLean and L owe, 1994) . Assuming that the NK-2 receptors expressed in nodose somata after antigenic challenge are also G-protein-coupled, modification of a regulatory site on the receptor, the G-protein, or the ion channel could allow recoupling. Wherever this site is located, its modification must have a relatively long half-life, because unmasking of tachykinin receptors lasts for days.
Physiological relevance of unmasked NK-2 receptors
Many of the somata in the guinea pig nodose ganglia are immunopositive for SP and N K A (Kummer et al., 1992; Fischer et al., 1996) , and there is f unctional evidence that tachykinins are released from airway vagal afferents (C anning and Lundberg, 1995) . Thus, if N K-2 receptors are unmasked after allergic inflammation near nerve endings of tachykininergic neurons, they could subserve an excitatory autoreceptor function, perhaps contributing to the development of primary hyperalgesia or airway hyper-reactivity. In this regard, it is interesting to note that in models of inflammation, tissue inflammation, or treatment with inflammatory mediators, 20 -50% of unresponsive ("silent") C-fiber afferents can be recruited to fire action potentials to thermal or mechanical stimuli (Handwerker, 1976; McMahon and Koltzenburg, 1990) . Although it is not yet known whether tachykininergic vagal afferents also exist as silent nociceptors, the unmasking of f unctional N K-2 receptors would be an ideally suited mechanism for "awakening" such nociceptors.
It is more difficult to envisage a physiological or pathophysiological role for N K-2 receptor expression on somal membranes. It is not apparent which structures in the nodose ganglia would secrete tachykinins to activate somal receptors, because synaptic profiles are not evident in nodose ganglia (Lieberman, 1976) . Approximately 25% of the nodose cell bodies are, however, immunopositive for SP and NKA (Kummer et al., 1992; Fischer et al., 1996) ; consequently, these structures could be a potential source for tachykinin release. Depolarization-and Ca 2ϩ -dependent exocytosis of SP can be demonstrated in isolated dorsal root ganglion neurons (Huang and Neher, 1996) , additionally Ca 2ϩ -dependent somatic release of serotonin (Fueri et al., 1984) or acetylcholine (Palouzier-Paulignan et al., 1992) occurs in a small population (ϳ3%) of cat and rabbit nodose ganglion neurons, respectively. Thus, the unmasking of tachykinin receptors on soma membranes may provide additional pathways for autocrine and paracrine signaling between neurons of the nodose ganglia.
